A novel polarization converter using reflective metallic gratings and a polarization beam splitter is introduced for LCD backlight illumination. These two optical elements form a polarization rotation resonator. Broadband and high optical efficiency of polarization conversion in the visible region is achieved through the resonance of the refracted light and the surface plasmon wave in metallic surface-relief gratings. For wide-angle illumination, the conversion efficiency with arbitrary incident angle is studied. This device can convert unpolarized light to linear polarization with over 85% efficiency.
Introduction
Two crossed linear polarizers are commonly used in direct-view liquid crystal displays (LCDs) in order to achieve a high contrast ratio [1] . However, under such a device configuration the maximum transmittance is reduced to ∼45% because of the absorption of the sheet polarizers. Several approaches for converting randomly polarized light into linear polarization have been developed [2] . Among them, the dual brightness enhancement film (DBEF) developed by 3M has been widely utilized [3] . In DBEF, a polarizing beam splitter (PBS) and a diffusive reflector are employed to recycle the reflected polarization component. In recycling, first the PBS selects one polarization, say TM, to pass through and reflects the TE wave to the diffusive reflector (DR). Second, through hitting the rough surface of DR, the reflected light is randomly unpolarized and sent back to PBS again. As a result, ∼40% of the unused light is recovered by many such recycles. However, the recycling efficiency is limited in this configuration due to deficient polarization conversion by DR. Therefore, there is an urgent need to develop a more proficient polarization converter in order to reduce the power consumption of LCDs.
The function of depolarizing linear polarized light by a diffusive reflector is through multiple irregular reflections changing various propagating directions, hence the polarizations, on the coarse DR surface. Averagely speaking, no more than 50% of TE light will be rotated into TM with the DR. One highly efficient polarization conversion scheme for a reflected beam is through the resonance of incident light and the induced surface plasmon wave on metallic gratings. Such surface-plasmon-aided polarization conversion was first experimentally observed by Bryan-Brown and Sambles [4] in silver-coated sinusoidal surface-relief gratings, where near 9% of polarization conversion was recorded. The excitation of a surface plasmon wave is actually due to the conical diffraction at a 45°azimuthal angle, which will cause the reflected light to be rotated into elliptic polarization to a certain degree. In some specific grating configurations, above 70% polarization rotation of a TM (or TE) wave into TE (or TM) for wavelengths within 550-900 nm is possible [5] . The conversion efficiency depends on the details of how the surface plasmon is coupled into photons (optical modes) and how these photons interfere with the diffracted light. This coupling depends critically on the groove shape and 0003-6935/08/152882-06$15.00/0 © 2008 Optical Society of America depth of gratings. More detailed analysis on such surface-plasmon-aided polarization rotation can be found in [6] [7] [8] [9] [10] .
In the early studies of metallic gratings, only monochromatic light was discussed. This indeed limits its application to broadband light sources. Later, several types of metallic gratings were reported that enable broadband polarization conversion in the visible spectral regions [5, 11] . With this nice polarization conversion efficiency and high reflectivity of some metallic gratings, it is possible to replace the diffusive reflector in the light recycling system. However, except the remarkable progress in achromatic performance, the above mentioned reports only concerned single incident-angle light. To apply the metallic gratings to general light sources, such as Lambertian for an LCD's backlight illumination, the study of large polarization conversion with arbitrary incident angle is necessary.
Here, we investigate the wide-angle performance of broadband polarization conversion of specific metallic gratings and propose a new light recycling scheme. The multibouncing between PBS and metallic gratings to enhance the total transmittance of polarization-converted light is numerically studied here. A conversion efficiency higher than 85% is achieved in our design.
Device Configuration and Operation Mechanisms
As described in Ref. [10] , to have a broadband polarization conversion, it needs high modulated surfacerelief gratings, i.e., the groove depth d is at least one quarter of the wavelength, d ≥ λ=4. Recently, three types of subwavelength metallic gratings, Gaussianridge, binary, and trapezoidal profiles, have been reported [12] to have high polarization conversion centered in the entire visible spectrum. For simplicity and feasibility of manufacture, only the trapezoidal silver grating is considered here in wide-angle analysis. The light recycling system is depicted in Fig. 1 . The multibouncing between the PBS and trapezoidal grating inside the polarization-rotating-resonator is illustrated in Fig. 2 . The trapezoidal grating profile is also shown in Fig. 2 with the trapezoid top 60 nm, bottom 70 nm, d ¼ 124 nm, and pitch Λ ¼ 197 nm.
In Fig. 1 , we see that the unpolarized light is coming out from the edge illuminating source and guided into the recycling region sandwiched between the PBS and the reflector. As mentioned in the introduction section, we will now replace the reflective diffuser with metallic gratings as the reflector. Figure 2 shows the recycling process as follows. The TM (p wave) component of the initial incident unpolarized light passes through the PBS, while the TE (s wave) part is reflected toward the metallic grating. The metallic grating rotates the incoming TE linearly polarized light into an elliptical polarized wave. After the rotation the new TM component will go through the PBS and the remaining TE component will be redirected onto metallic grating again. This is called one cycle of polarization conversion. During one cycle, the PBS selects one polarization and the metallic grating rotates the other, respectively. Both should work very well in broadband spectrum and wide angular range. The subwavelength trapezoidal grating described in Fig. 2 and the PBS in Ref. [3] both feature the capability. The system configuration is similar to a Fabry-Perot resonator where the total transmittance is obtained by adding up all the rays bouncing out of the resonator. Similarly, after infinite cycles of polarization conversion, the total conversion efficiency is greatly enhanced.
In a Fabry-Perot resonator, the wave propagation is in the geometric optics regime, and the ray bouncing back and forth inside the resonator follows Snell's law. It is straightforward to calculate the total transmittance once the reflectance and transmittance on each boundary are known. In our design, although diffraction optics should be considered here, the same principle also applies. This is because our subwavelength grating allows only the zeroth-order diffracted wave to propagate. The others are the evanescent waves. Hence, the wave bouncing inside the resonator also follows Snell's law. This nice property enables us to calculate the result of each incidentangle ray individually after infinite bounces, and the summation of each result gives us the total polarization conversion by the superposition principle. The total conversion intensity can be expressed as follows:
where C sp is the conversion efficiency for an s wave converted into a p wave, R is the reflectivity of the grating, and i is the cycling number. Here the definition of C sp is the power carried by the reflected p wave divided by that of the incident s wave. Typically for a normalized randomly polarized light, we set the intensity
For effective polarization conversion, it needs the incident plane neither parallel nor normal to the grating vector, i.e., the azimuthal angle ϕ (the angle between incident plane and gratings vector) should be 0 < ϕ < 90°. In shallow gratings, where the groove depth is much less than the pitch d ≪ Λ, conversion efficiency C sp follows the square rule of a sinusoidal function, C ps ðθ; ϕÞ ∝ sin 2 ð2ϕÞ, which was both empirically and analytically proven [1, 13] . In the present broadband cases, we need high aspect ratio gratings with d > Λ or at least d ≈ Λ to have high C sp . For such deep gratings, the physics of the surface plasmon wave and diffracted light is very complicated, since the excited optical modes of surface plasmons can have self-interferences inside the groove or form complex bandgap structures [14] . Therefore, the numerical analysis of conical diffraction with metallic gratings is necessary to determine the optimized C sp condition with variants of incident angle θ, azimuthal angle ϕ, and wavelength λ.
Here we will briefly discuss the numerical schemes used in calculating polarization conversion. A common approach to model the light with metallic gratings is based on the coordinate transformation technique developed by Chandezon et al. [15] and Elston et al. [6] . Other researchers alternately used Yasuura's mode-matching method [16, 17] 
coupled-wave analysis (RCWA) proposed by Moharam and Gaylord [18, 19] . Several results using RCWA to calculate the polarization conversion have been reported [20, 21] . In the present work, we will employ RCWA to investigate the conversion performance of deep metallic gratings. Here we will not address the details of how to formulate RCWA in doing the calculation. Actually, one feasible way of obtaining the polarization conversion by RCWA with separate s and p modes represented in the reference frame of incident plane was recently reported in Ref. [12] .
Numerical Results of Broadband Wide-Angle Polarization Converter
We will first demonstrate the C sp ðλ; θÞ performance of the silver trapezoidal gratings in Fig. 2 . The simulation condition is at fixed azimuth angle ϕ ¼ 45°with θ ranging from 0 to 60°and λ ranging from 400 to 700 nm. During simulation, both the dispersion and absorption of silver in the visible region from experiment data [22] are used in the calculation. The result is shown in Fig. 3(a) and 3(b) , where we can see in the major region centered around λ ¼ 550 nm that the C sp is more than 75%. This is critical for LCD applications, since the human eye is most sensitive to green light. This proves that without recycling, our trapezoid grating still gives reasonable conversion efficiency at wide-angle incidence. Next, we will see the effective C sp after infinite ray bounces in the recycling case by calculating the TM total term in Eq. (1). The loss of rays passing the PBS are ignored here, since the absorption of the PBS is often negligibly small [3] . The result is shown in Fig. 4(a)  and 4(b) . Clearly, the final C sp can reach above 90% after infinite cycles in most of the ðλ; θÞ region. This manifests that the conversion efficiency is greatly improved by use of this resonator structure. For more quantitative description, we define the figure of merit, C sp ðϕÞ curve with light recycling; the maximum
as the average C sp over the incident angle and wavelength ranges. We have C sp ¼ 75:5% without recycling in Figs. 3(a) and 3(b) and C sp ¼ 87:2% for infinite cycles in Figs. 4(a) and 4(b) . Now we will explore the dependence of C sp on the azimuthal angle ϕ. Here we plot C sp ðϕÞ for both with and without the recycling in Figs. 5. In Fig. 5(a) , C sp ðϕÞ is without recycling, which shows that the maximum C sp ¼ 76:7% occurs at ϕ ¼ 48°. It is then natural to assume that the optimized C sp ðϕÞ for infinite conversion cycles will also happen at ϕ ¼ 48°. However, after the calculation we found that with recycling in Fig. 5(b) the optimized C sp ¼ 87:2% occurs at ϕ ¼ 45°. In fact, Fig. 5(b) shows the C sp ðϕÞ curve is pretty flat and not so sensitive to the azimuth angle. In the range of ϕ ¼ 30°to 50°, the conversion efficiencies are pretty similar. We then further plot the recycling C sp ðλ; θÞ for ϕ ¼ 48°in istribute uniformly in the main region of ðλ; θÞ, and the deviations of each maximum and minimum C sp are pretty much the same. This provides an additional advantage to our design that in real applications the precision of azimuthal alignment is not highly required.
Conclusion
We have demonstrated a broadband wide-angle polarization converter for LCD applications. Simulation results show our device featuring both high spectral and angular performances. The silver trapezoid grating given here is only an example for working in the visible light region. Indeed, other types of surface-relief gratings or materials may give similar or better performance. Compared with the current design of reflective diffuser, our recycling scheme can save much more illuminating power. Especially, it would greatly benefit those portable devices, where power consumption is always a critical issue.
